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ABSTRACT 
Climate change is altering thermal regimes in aquatic systems worldwide, often 
impacting species on the southern edges of their ranges in the northern hemisphere. 
Yellow Perch, Perca flavescens, a cool water species, have a patchy distribution at the 
southern edge of their range in North American, occurring primarily in systems that 
provide coolwater refugia during summer months (e.g., tailwaters below hypolimnetic 
release dams). However, minimum winter temperatures are much warmer in these 
systems than in northern locations. In northern populations, egg quality is linked to 
overwinter thermal conditions, with long, cold winters resulting in higher quality eggs 
compared to short, warm winters. We explored if Yellow Perch from the Savannah River, 
SC required similar exposure to long, cold winters for proper reproductive development. 
We conducted controlled laboratory experiments, measured spawning phenology, 
spawning success, fecundity, egg quality, and larval quality metrics, and compared these 
results to other Yellow Perch populations across North America. We also analyzed data 
collected from across the species range to determine if latitude was a significant predictor 
of Yellow Perch growth rate, maximum size, and longevity. Our results provide 
improved understanding of the thermal requirements for successful Yellow Perch 
reproduction at southern latitudes and allow for insights into how reproductive strategies 
and trade-offs differ across the species range. Results from the growth rate, maximum 
size, and longevity study provide insights into local adaptations in Yellow Perch life 
history traits across much of their native and introduced range.  
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CHAPTER ONE 
ASSESSING THE EFFECTS OF SUB-TROPICAL WINTER THERMAL 
CONDITIONS ON COOLWATER FISH REPRODUCTION AND 
TRANSGENERATIONAL PLASTICITY 
Introduction 
Climate change is altering seasonally specific thermal conditions in freshwater 
and marine ecosystems across the planet (Magnuson et al., 2000; Austin & Colman, 
2008; Pershing et al., 2015). In response, many fishes are altering seasonal behaviors and 
life history activities in the face of climatic change (Pankhurst & Munday, 2011; Asch, 
2015). Together, these changing thermal conditions and behaviors may result in 
suboptimal thermal conditions for reproduction by altering temperatures during migration 
and spawning events (Pörtner et al., 2019). Warmer waters have been linked directly to 
reductions in egg quality (Burt, Hinch, & Patterson, 2011; Farmer et al., 2015) and 
reduced juvenile survival (Peyronnet, Friedland, & Ó Maoileidigh, 2008) and indirectly 
to reduced habitat quality (Collingsworth et al., 2017). When thermal conditions in a 
given location are no longer suitable for reproduction, growth and/or survival, a fish 
species’ continued existence will depend on its ability to move to new areas with suitable 
conditions or adapt to tolerate changing local conditions.  
Despite the obvious importance of understanding thermal tolerances, there is 
surprisingly limited information on seasonally specific thermal tolerances for most 
freshwater fishes across their range. Thermal tolerances for reproduction may be 
especially important as negative impacts on reproduction could have adverse effects on 
juvenile and, subsequently, adult abundance (Farmer et al. 2015). Of the studies that 
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quantify the thermal requirements for successful reproduction in freshwater fishes, many 
utilize hatchery broodstock and end immediately after hatching (Burt, Hinch, & 
Patterson, 2011), limiting inferences that can be drawn for wild populations.  In many 
cases we also lack information on how latitude-specific thermal tolerances influence 
reproductive success, which limits our ability to make predictions of how fish species 
will respond to climate change across their range.  
We also know very little about the potential for freshwater fishes to adapt or 
acclimate to changing thermal conditions over generations. While many short-term 
experiments show negative effects of increased temperatures on biological activities 
(Blaxter, 1992; Farmer et al., 2015; Coulter et al., 2016; Collingsworth et al., 2017), more 
recent studies have suggested fish may be able to adapt to warmer conditions via 
transgenerational plasticity (Munday, 2014). Acclimation occurs when phenotypic 
plasticity allows for organisms to adjust their morphology, physiology, or behavior to 
maintain fitness in new environments (Angilletta Jr & Angilletta, 2009). Adaptation 
involves genetic change that alters the frequency of certain phenotypes in the populations 
towards the new morphological or physiological traits required to maintain fitness in the 
face of changing environmental conditions (Munday 2014). While adaptation typically 
requires many generations, acclimation can occur rapidly. Despite several recent studies 
that have documented the potential for transgenerational acclimation to changing 
environmental conditions (Shama et al., 2016; Munday, Donelson, & Domingos, 2017), 
we still do not understand how widespread or effective transgenerational plasticity will be 
in allowing freshwater fish to maintain fitness as the climate changes.  
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With their wide range throughout North America, Yellow Perch (Perca 
flavescens) are an ideal species for testing how climate change will impact cool water 
fishes. Historically, Yellow Perch occupied an area from the Atlantic Coast westward 
through the Dakotas and from South Carolina extending North to include most of Canada 
(Hart, Garling, & Malison, 2006). However, through both sanctioned management and 
overzealous “bucket biologists”, Yellow Perch have been introduced into nearly every 
state in America (Hart, Garling, & Malison, 2006). Yellow Perch tolerances for low 
dissolved oxygen and wide range of pH have allowed them to establish in areas where 
they can find a niche (Marcy et al., 2005; Hart, Garling, & Malison, 2006). Yellow Perch 
allocate energy differently throughout the year depending on temperature to optimize 
survival and fitness (Hokanson, 1977; Krieger, Terrell, & Nelson, 1983; Hart, Garling, & 
Malison, 2006). Females begin allocating energy to gonadal development in the late fall 
with peak gonadosomatic indices (GSI) occurring before spawning in the spring warmup 
period (Hokanson, 1977; Krieger, Terrell, & Nelson, 1983; Hart, Garling, & Malison, 
2006). Photoperiod is a factor in gonad maturation in Yellow Perch with aquaculture 
studies failing to have successful spawning when photoperiod and temperature were not 
in sync (Shewmon et al., 2007). It is hypothesized that in northern North American 
populations of Yellow Perch, Great Lakes region, overwinter temperature must be at 
most 10⁰ C for proper gonad development (Hokanson, 1977; Farmer et al., 2015; Feiner 
et al., 2016). Yellow Perch tend to spawn when the water temperature is between 8 – 13⁰ 
C (Hokanson, 1977; Krieger, Terrell, & Nelson, 1983; Hart, Garling, & Malison, 2006; 
Starzynski & Lauer, 2015). However, overwinter temperatures at the southern extent of 
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the Yellow Perch range seldom fall below this 10⁰ C threshold (Bisping, Alfermann, & 
Strickland, 2019), indicating there may be some local adaptations that allow for 
reproductive development to occur during warmer temperatures at these lower latitudes.  
Studies from northern populations of Yellow Perch have shown that the 
overwinter temperature that adults are held at influence egg quality and larval sizes, with 
warmer overwinter temperature resulting in lower egg quality and smaller larval size 
(Andree et al., 2015; Farmer et al., 2015; Feiner et al., 2016). The thermal requirements 
for reproductive development as well as any potential negative impacts of warmer 
overwinter temperatures on southern Yellow Perch populations remain unknown. 
Additionally, studying these lower latitude fish and their local adaptations to warm 
winters may provide insight into the potential for northern populations to adapt to similar 
conditions in the future and provide for greater understanding for thermal tolerances of 
populations that exist at the southern edge of the species range. 
Out study had two primary objectives: 1)  improve our understanding of how 
overwinter temperature and winter duration impact reproductive success, fecundity, egg, 
and larval quality in Yellow Perch from a sub-tropical climate, and 2) investigate if 
transgenerational epigenetic acclimation is a potential mechanism for rapid adaptation to 
warmer temperatures. . We expected that short, warm winters would negatively affect 
maternal reproductive investment, egg size and energetic density, and larval fish size 
compared to long, cold winters. We also expected transgenerational epigenetic 
acclimation would lead to elevated thermal tolerance in juvenile offspring produced 
following the short, warm winter. This study will provide valuable information about 
 5 
how coolwater fish populations at lower latitudes respond to warmer winters. 
Additionally, our study aims to determine if there are any local adaptations that allow 
Yellow Perch to persist in sub-tropical climates under thermal conditions that have been 
documented to have negative effects on more northern populations of Yellow Perch 
(Hokanson, 1977; Hinshaw, 2006; Farmer et al., 2015).  
Methods 
 To accomplish objective 1, we conducted a controlled laboratory experiment to 
quantify the effects of winter thermal conditions on reproduction in Yellow Perch 
collected from the lower Savannah River, South Carolina. Following the laboratory 
experiment, we accomplished objective 2 by conducting thermal tolerance experiments 
on Yellow Perch offspring produced from adults held at different overwinter 
temperatures.  
Study Site and Field Collections 
Adult Yellow Perch used in the laboratory experiment were collected from the 
Savannah River, just north of August, Georgia below the J. Strom Thurmond Dam. 
Clarks Hill Reservoir, which was formed upstream of the dam, serves as a multipurpose 
reservoir, allowing for recreation, aiding in flood control, and producing hydroelectric 
power (Marcy et al., 2005). In addition to regulating flow, the hypolimnetic release from 
the dam provides a well-oxygenated source of cool water (8 – 25⁰ C), which provide a 
year-round refuge for coolwater fish species, such as Yellow Perch.  Water temperature 
data in the Savannah River below Clarks Hill reservoir were recorded every 15 minutes 
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by three HOBO temperature loggers, Onset Computer Corporation Bourne, MA, 
anchored to the river bottom 4.3 km downstream of the dam. Adult Yellow Perch were 
collected from the Savannah River, approximately 4.3 km downstream of the J. Strom 
Thurmond dam, during the first two weeks of November 2018. Fish were collected via 
hook-and-line sampling from a depth of 3 – 4 meters. Hook-and-line sampling proved 
more effective than electrofishing due to the water depth, turbidity, vegetation, and 
current present at the collection sites. Collected fish (n= 413) were measured to ensure all 
fish were over 200 mm, a length at which most Yellow Perch are sexually mature, based 
on preliminary collections in this system. Fish were held in 378-L aerated cattle troughs 
while on the boat before being transported to Cherry Farm Aquatic Research Laboratory 
(Clemson, SC) in fish haulers with three 1703-L chambers. Fish haulers were filled with 
water from the Savannah River and aeration was provided via 12v DC mechanical 
aerators mounted on top of each chamber. Aquarium salt was added to achieve 2 ppt 
salinity to reduce osmotic stress during transportation.   
Laboratory Experiments 
Laboratory Holding and Acclimation. Cherry Farm Aquatic Research Laboratory, 
Clemson SC, has ten outdoor 0.04-hectare ponds as well as an indoor wet lab with the 
ability to conduct controlled experiments. Cherry Farm is supplied with water from Lake 
Hartwell, South Carolina. Incoming water was run through a multimedia filter and an 
ultra-violet light sterilizer. Water was then split and sent through a water heater or chiller; 
mixing valves on each tank line allowed for independent water temperature control. Each 
tank was supplied with continuous compressed air to maintain dissolved oxygen above 
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7.0 mg/L. Water quality parameters (pH, ammonia, nitrites, and dissolved oxygen) were 
monitored daily on a rotating basis for two tanks per treatment. We mimicked the natural 
light cycle throughout the experiment by using overhead fluorescent lights on timers, 
which were adjusted weekly to match natural photoperiod at the site of collection. Two 
secondary light sources on separate timers were used to mimic sunrise/sunset by turning 
on/off 30 and 15 minutes before/after the main light timers, to simulate increasing light 
intensity before dawn and decreasing light intensity after sunset.  
After collection, fish were held in 568 L flow-through tanks at 12 L min-1 flow 
rate, for three weeks to acclimate to laboratory conditions. During the acclimation, period 
fish were exposed to ambient temperature lake water. Fish were fed ad lib during this 
time. Due to a Columnari bacterial outbreak, tanks were treated with Tetroxy® HCA-
1400 (oxytetracycline HCl) at 20 mg/L for 7 days to treat the bacterial infection, salinity 
was raised daily to 1 ppt to reduce stress during this time. A majority of the acclimated 
fish survived, 69%, and 240 of the survivors were subsequently used in the controlled lab 
experiment. The remaining 45 fish were sacrificed as part of a secondary study. After 
acclimation, fish were anesthetized with 50 mg/L of buffered MS-222 (Tricaine 
methanesulfonate) and individually marked with 12 mm passive integrated transponders 
(PIT) tags (Biomark, Boise, ID) using a preloaded needle and injected in the dorsal 
musculature (as described in Kaemingk et al. 2001). During PIT tagging, fish showing 
signs of infection were euthanize with an overdose of buffered MS-222. Fish were 
randomly assigned to tanks (our experimental unit). At the time of PIT tagging it was not 
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possible to externally determine sex, so exact sex ratios in each tank were unknown at the 
start of the experiment. 
 Each treatment system consisted of 10 replicate 108-L tanks, with six fish per 
tank (60 fish per treatment). Total fish biomass per tank was 904-1680 g. Throughout the 
experiment, fish that showed outward signs of illness were quarantined, monitored, and 
subsequently euthanized if they did not show signs of improvement (N= 5). Water flow to 
each tank was regulated by flow discs to a rate of 0.946 L min-1, allowing for temperature 
regulation and removal of ammonias. Fish were fed a maintenance ration, twice weekly, 
of fathead minnows (Pimephales promelas).  Rations were based on an existing 
bioenergetics model using the temperature and biomass of fish in a tank (Kitchell & 
Stewart, 1977). Fathead minnows were sourced from Craytonville Critters, Belton, SC.  
Experimental Design.  We had a full 2 x 2 factorial experiment with two levels of 
overwinter minimum temperatures (8° and 12°C; referred to as cold and warm) and two 
levels of winter durations (21 and 42 days; referred to as short and long) (Figure 1.1). 
Overwinter minimum temperatures and winter durations were selected based on historical 
water temperature data collected from the Savannah River (Thurmond Lake near Plum 
Branch, SC, USGS 02193900) and represented the coldest and warmest minimum winter 
temperature experienced and the shortest and longest winter duration (time to achieve 
13⁰C).  Based on long-term air temperature data (https://www.ncdc.noaa.gov/cag/) the 
winters of 2008-2012 ranked from the 23rd to the 137th warmest winters on record for the 
state of South Carolina since 1880, suggesting the limited water temperature data from 
2008-2012 included years that spanned a range of historical conditions. The overwinter 
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temperature treatments allowed for quantifying the effect of different minimum winter 
temperatures on the physiological processes of reproductive development, spawning, and 
offspring size to be quantified.  
Temperatures across all tanks tracked the daily ambient water temperatures from 
placement in treatment tanks November 26, 2018 until January 1, 2019 when we began 
controlling the water temperature to achieve our minimum temperature thresholds on 
January 31, 2019. On February 1, unique water temperatures were established for each 
level of overwinter minimum temperatures (8⁰ or 12⁰C), which were both maintained for 
short (21 days) and long (42 days) durations, before warming was initiated (Figure 1.1). 
At the conclusion of each winter duration, treatment system temperatures were raised by 
1⁰ C each week to simulate the natural rate of spring warming in the Savannah River 
based upon the Plum Branch, SC gauge (USGS 02193900) historical data from 2012 – 
2018. Weekly warming continued until all females spawned and the resulting fish 
hatched in the experimental treatment.  
Spawning, fertilization, and hatching. Mature females that showed outward signs 
of egg development were monitored for signs of ovulation. When a female was identified 
as ready to spawn, as characterized by swollen vent with reddish coloration and clear egg 
membranes when viewed through the swollen vent, they were removed from the tank, 
anesthetized and prepared for spawning. Manual spawning followed Dabrowski et al. 
(1994) protocols for dry spawning to ensure ideal conditions for proper fertilization. 
Females were anesthetized in 50 mg/L MS-222, patted dry with a paper towel, to prevent 
premature water hardening of the eggs, and gently stripped of eggs (Dabrowski et al., 
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1994). Ovulating females were stripped of egg skeins by applying gentle pressure to the 
abdomen. Egg skeins were placed in a dry bowl and weighed on an analytical balance to 
the nearest 0.01 g. Two separate 1.0-g subsamples of eggs were collected for 
determination of fecundity and egg diameter, 30 g of eggs were collected for 
determination of energetic density, and two 0.5 – 2.0 g subsamples of eggs were collected 
for fertilization, incubation, and hatching to determine larval fish characteristics.   
Two males from the same treatment as the spawned female were used to fertilize 
the eggs. Males were anesthetized in 50 mg/L MS-222 and dried before expressing the 
milt into a clean, dry collection cup. After collecting milt, males were returned to tanks. 
Eggs and milt were combined in a bowl and water was added to activate the milt and 
begin fertilization (Dabrowski et al. 1994). Eggs, milt, and water were gently mixed, 
using feathers, to provide ideal conditions for fertilization.  
Fertilized egg samples were incubated in 108-L incubation tanks held at the same 
temperature as the adults in the same treatment. Within the tanks, fertilized egg samples 
were incubated in custom-made incubation chambers that consisted of 76.2 mm long 
piece of 76.2 mm diameter plastic pipe with 250-micron mesh affixed to the top and 
bottom to prevent escapement. To create upwelling flow through the incubation 
chambers, incubation tanks had a variable flow submersible aquarium pump connected to 
25.4 mm plastic piping running underneath all incubation chambers with holes drilled in 
it so that a water constantly moved through incubation chambers. Egg sample containers 
were placed into 101.6 mm diameter plastic tubes to keep the samples upright and 
facilitate upward water movement through the sample. A 0.2 – 0.4% Ovadine (Snydel, 
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Ferndale, Washington USA) treatment was completed daily until fry began hatching to 
control and prevent fungal growth on the eggs (U.S. Fish and Wildlife Service, 2002). 
Once hatching began, samples were collected and the remaining eggs that had not 
hatched were then hatched by vigorously mixing the sample with a pipette (Hart, Garling, 
& Malison, 2006). Hatched larval fish were immediately photographed for meristic 
measurements and then euthanized within eight hours. All adult females were euthanized 
after spawning and males were euthanized after the last female in a treatment had 
spawned. After spawning, length, weight, and PIT ID were recorded.   
Juvenile grow out. The remaining eggs from the cold long and short warm winters 
were fertilized and placed in a 19-L incubation aquarium supplied with flow-through 
(0.945 L min-1) water of the same water temperature as the treatment from the adult fish 
that spawned the eggs. Aquaria were supplied with constant aeration during incubation 
and hatching. After hatching, all larval fish were split evenly among three, randomly 
selected earthen ponds (0.04 hectares, 0.5 m at shallow end to 2 m at deep end), based 
upon treatment for six total ponds. All ponds were previously drained and then refilled 
before beginning the experiment to ensure there were no other fish present to compete 
with or consume the juvenile Yellow Perch. Ponds were fertilized bi-weekly during the 
spring and summer to stimulate plankton production before and during fry rearing 
(Hinshaw, 2006). Fry fed on natural phytoplankton and zooplankton until they were 
approximately 15 mm at which time, we began feed-training with commercial trout feed 
(Purina Aquamax). Fish were fed daily with the feed size scaled up according to fish size, 
and water quality parameters were monitored on a weekly basis.  
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Testing for transgenerational adaptation in thermal tolerance. Critical thermal 
maximum experiments were conducted to determine if there were any transgenerational 
influences from parental exposure to warmer winter temperatures (Farless & Brewer, 
2017). Juvenile Yellow Perch were captured from the ponds with seines to collect a 
representative size range of the cohort from each treatment. Individual fish were placed in 
20 L flow through (0.227 L min-1) tanks in the indoor wet lab and allowed to acclimate 
for 24 hours at 28⁰ C with constant aeration. Tanks were heated with 200 W heaters at a 
rate of 2⁰ C hr-1 until loss of equilibrium (LOE) and death (measured as no opercular 
movement for 10 seconds) occurred (Farless & Brewer, 2017). The temperatures at which 
LOE and death occurred was noted. Thermal tolerance was compared across temperature 
treatment. Length, weight, and genetic samples were collected from these fish after 
euthanasia.  
Sample processing 
Fecundity. Fecundity was estimated by two technicians who independently 
counted the number of eggs in each egg skein subsample of known weight. If the counts 
for a sample differed by more than 5%, a third person recounted the sample and counts 
were averages across all individuals. These sample counts were divided by the subsample 
weight to estimate the number of eggs per gram. Fecundity was estimated multiplying the 
average number of eggs per gram by total egg skein mass.   
Egg Size and Quality. We measured egg oil globule diameter, energetic density of 
eggs collected, and total egg diameter to quantify egg size and quality. Oil globules 
contain essential fatty acids, cerids, and cholesterol esters and are a key source of larval 
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nutrition during early life (Baras et al., 2018). Oil globule size has been positively related 
to offspring growth and survival (Berkeley et al., 2004; Brooks, Tyler, & Sumpter, 2004) 
and was used a metric of egg quality. Similarly, energetic density is a more 
comprehensive measure of the total energetic reserves allocated to offspring 
development. Previous studies have found that egg size and energetic density were 
positively related to responses such as embryo hatching success (Brooks, Tyler, & 
Sumpter, 2004).          
Total egg diameter and oil globule diameter were measured on 20 eggs per female 
under 0.7x dissecting scope to the nearest 0.001 mm for manually spawned eggs. Water 
hardened eggs were not measured for egg or oil globule diameter to avoid changes in size 
due to water hardening. Egg and oil globule diameter were compared amongst females in 
the same treatment to look for maternal influence and across treatments to look for 
differences in winter temperature and duration on egg size. Egg sizes were only measured 
for females that were manually spawned to avoid discrepancies caused by water 
hardening.  
Manually spawned egg samples collected for energetic density were weighed to 
the nearest 0.0001g and then dried for 72hrs at 65 – 70⁰ C before being weighed again. If 
the sample weight decreased by greater than 2%, the sample was returned to the oven to 
dry for an additional 24hrs before being weighed again, this was repeated until sample 
weight changed by less than 2%. When the sample was dried it was then homogenized 
and stored in a desiccation cabinet. Each sample was formed into pellets weighing 
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between 0.5 and 0.9g. Homogenized samples were analyzed in a Parr Model 6200 
Oxygen Bomb Calorimeter connected to a Parr 6150 water handling system. 
Larval Size and Quality. We measured oil globule volume and total yolk sac 
volume as vectors for maternal investment in larval fish, and post-anal depth and 
standard-length measurements quantified size of newly hatched larvae. Increased oil and 
yolk volume provide more energy reserves allowing larvae to survive on the yolk-sac for 
a longer period of time before the first feeding (Miller et al., 1988). In many freshwater 
and marine species, larger bodied larvae are more likely to survive due to having higher 
energy reserves and being more fully developed at hatch confers a higher rate of survival 
(Miller et al., 1988; Bergenius et al., 2002). Larval measurements on 20 larval fish per 
female were conducted within eight hours of collection. Oil globule size, yolk sac size, 
post-anal depth, and standard-length were all measured to the nearest 0.001 mm under a 
0.7x dissecting scope using iSolution Lite software. Oil globule volume was determined 
by averaging a horizontal and vertical diameter and dividing by to get the average radius 
(r) and the formula V = 4/3πr3.  Yolk-sac volume was determined by using a prolate-
spheroid volume formula V = (π/6)LH2  where L is the yolk-sac length and H is the yolk-
sac height (Andree et al., 2015). Larval fish from all females, regardless of spawning 
method, were included in these analyses. 
 
Laboratory Experiment Data Analysis 
 
  Timing of spawning. We used logistic regression to determine if the timing of 
spawning differed among treatments. We used the cumulative proportion of females 
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spawned in each experimental treatment as the response variables in our logistic 
regression and day of the year as the independent variable. We also included categorical 
predictor variables for our winter duration and temperature treatments as well as an 
interaction term to test if there were differences in spawning times among our winter 
thermal treatments. If the interaction term was non-significant, we dropped it from the 
analysis and proceeded with only the main effects model. Logistic regressions were fit 
using the quasibinomial family to accommodate cumulative proportional data. After 
fitting logistic models, we identified the day of the year at which 50% of females had 
spawned in each treatment (D50) (Starzynski and Lauer, 2015). 
Egg and larval metrics. As several of our response variables (e.g,, fecundity, egg 
size, larval size) may be related to maternal size (Heyer et al. 2001) we quantified the 
Pearson correlation coefficients for each response variable to maternal somatic (i.e., non-
reproductive) weight measured after spawning. We used weight instead of length as 
several of our response variables (e.g., fecundity) had linear relationships with weight as 
opposed to logarithmic relationships with length (Collingsworth and Marschall 2011).  If 
there was a significant correlation between female weight and the response variables, we 
checked to ensure this relationship was linear and that the residuals were normally 
distributed. If both of these assumptions were met, we used residuals from linear 
regressions with female weight as our response variable (to account for maternal effects 
on our response variables) and averaged residuals by tank (our experimental unit). If 
weight was not correlated with response variable (r < 0.4), we simply averaged the actual 
response values by tank. After calculating tank means, we used a two-way Analysis of 
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Variance (ANOVA) to test for the effects of winter temperature, winter duration, and 
winter temperature X winter duration interaction. Linear models and two-way ANOVA’s 
were fit in R statistical software (R Core Team 2020) using Type III sums of squares to 
evaluate significance of main effects and the two-way interaction. If significant main 
effects or interactions (α = 0.05) were present, post-hoc comparisons were conducted 
using least squared means to determine treatment-specific differences (i.e., contrasts) 
among all four experimental treatments. The Bonferroni correction was applied to p-
values from multiple comparisons (N = 6, multiple comparisons among four experimental 
treatments) to maintain a family-wise error rate of p = 0.05 (Sokal & Rohlf, 2012). We 
also noted when there were marginally significant results (0.05 < p < 0.1) for main effects 
or interactions that may indicate biologically relevant trends. Analysis for egg size 
(diameter and oil globule) metrics only included data for manually spawned females; 




Timing of Spawning. Spawning began in late February and concluded in mid-
April (Figure 1.1). Spawning occurred in temperatures ranging from 10 – 18⁰ C across all 
treatments with the cold winter treatments generally spawning at cooler temperatures 
than their warm winter counterparts (Table 1.1). A logistic regression of all mature 
females (N = 121) found that there was a significant difference in timing of spawning 
between the warm and cold winters (p < 0.001, Figure 1.2). However, there was no 
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difference between winter durations with the regression lines for each duration 
overlapping based on the winter temperature (p = 0.79). The interaction term 
(Temperature X Duration) was also not significant, thus we based inferences on the 
logistic regression model with only main effects for temperature and duration (p = 0.26). 
Based on this model, the two warm winter treatments spawned significantly earlier 
(warm, short D50 = 74.4; warm, long D50 = 74.2) than the cold winter treatments (cold, 
short D50 = 81.3; cold, long D50 = 81.2; Figure 1.2) 
Reproductive investment. As expected, female egg mass was positively correlated 
with female mass and the relationship met assumptions of linearity and normality (r = 
0.76, p < 0.001). Subsequently, residuals of the egg mass: female mass relationship 
served as the response variable to quantify reproductive investment (N = 38 females). 
Both winter temperature and winter duration had significant effects on total egg mass 
produced by females (Table 1.2). Females in both the cold, long and the cold, short 
winter treatments produced significantly larger egg masses compared to females in the 
short, warm winter (p < 0.001, and p = 0.003, respectively; Figure 1.3). However, 
females in the warm, long winter produced egg masses that were not significantly 
different from those in the cold, long or cold, short winters (p > 0.05).  
Fecundity.  As expected, fecundity was positively correlated with female mass 
and the relationship met assumptions of linearity and normality (r = 0.76, p < 0.001). 
Subsequently, residuals of the fecundity: female mass relationship served as the response 
variable to quantify fecundity (N = 38 females). There was a significant difference in the 
residual values of fecundity between winter duration but not temperature treatments (p = 
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0.0496 and p = 0.817, respectively; Table 1.2). There was a significant trend of longer 
winters having higher fecundity than shorter winters but after applying the Bonferrroni 
correction these were no longer significant (Figure 1.4). 
Egg Size and Quality. Using eggs from manually spawned females only, there 
was no correlation between female size and oil globule (N = 24; r = 0.16, p = 0.33) or 
total egg diameter (N = 25, r = 0.04, p = 0.81). Oil globule varied across temperature or 
duration treatments but not significantly (p = 0.34 and p = 0.55, respectively; Table 1.2).  
We did not observe a significant difference in total egg diameter across the winter (p = 
0.69) or duration treatments (p = 0.44; Table 1.2). Egg energetic density was not 
correlated with female mass (r = 0.03, p = 0.69). We used the tank averages for caloric 
density analysis (N=38). Egg energy density was higher in eggs from warm winters than 
eggs from cold winters (p = 0.011; Figure 5). There was a not significant difference 
between winter duration treatments (p = 0.436).  
Larval Size and Quality. Using larval fish from all females that spawned in the 
experiment, there was no correlation between maternal size and larval metrics for oil 
globule (N = 34, r = 0.20, p = 0.10) and yolk sac volume (N = 34, r = 0.05, p = 0.65). 
Larval metrics for size were not correlated with maternal size for either post-anal depth 
(N = 34, r = 0.36, p = 0.002) or standard length and (N = 34, r = 0.33, p = 0.006). Oil 
globule volume and total yolk-sac volume, from all females regardless of spawning 
method, did not significantly differ across treatments at our α = 0.05 criteria (Table 1.3).  
There were trends of warmer winters having a higher oil globule volume than colder 
winters and shorter winters having higher oil globule volume than long winters, but this 
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was driven by the cold long winter.  For post-anal depth there was a trend of colder 
winters having deeper depths than warm winters (p = 0.083; Table 1.3) but this did not 
meet our criteria (α = 0.05) for significance. Unexpectedly, offspring produced following 
shorter winter durations had a propensity to have deeper post-anal depths than those 
produced following long winters (p = 0.079). Colder winters produced significantly 
longer standard lengths in larval fish than those produced in warmer winters (p = 0.027; 
Table 1.3).  Similar to the trend in post-anal depth, shorter winter durations had larger 
standard lengths than long winter durations (p = 0.041). There was no interaction 
between winter temperature and duration (Figure 1.6).  
Critical Thermal Maximum. We did not observe a difference between overwinter 
thermal temperatures that adults were held at and the thermal tolerance of juvenile 
Yellow Perch. Temperature at loss of equilibrium did not differ among treatments, with a 
mean temperature of 37.4⁰ C ± 0.4⁰ standard deviation (F 1, 45 = 0.42, p = 0.5).  
Temperature at death did not vary significantly between the cold long and warm short 
treatments tested with the mean temperature at death being 37.8⁰ C ± 0.3⁰ standard 
deviation (F 1, 45= 0.68, p = 0.41).    
Discussion 
 Our results suggest that coolwater fish in sub-tropical climates may have local 
physiological adaptations that allow them to maintain high reproductive success even 
when exposed to short, warm winters. Warm winters did not adversely affect 
reproduction, but they did seem to induce tradeoffs between egg number, egg quality, and 
larval size. Both longer and colder winters had positive effects on egg production, but 
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shorter winters produced higher quality eggs, with greater energetic density. Eggs with 
lower energetic density produced after longer winters produced larger larvae. Perhaps 
these are anticipatory maternal effects to maximize fitness by adjusting offspring 
phenotypes in response to differing environmental cues (Salinas et al., 2013, Burgess et 
al., 2014). While we did not observe any differences in thermal tolerance of offspring 
from our short, warm and long, cold treatments, we did establish a lethal temperature 
threshold for juvenile Yellow Perch at southern latitudes, which was elevated compared 
to previous estimates from Minnesota (Hokanson 1977).  
Previous studies have shown that Yellow Perch, like many other fishes that 
develop eggs during winter (Burt et al. 2011), require long, cold winters to achieve high 
rates of spawning and high egg and larval quality (Hokanson, 1977; Farmer et al., 2015). 
Juvenile Yellow Perch held at 20⁰ C in North Carolina did not undergo sexual maturation 
necessary for spawning (Shewmon et al., 2007). When these long cold winters are not 
present sexually mature fish may not spawn (Dabrowski et al., 1996). Only 40% of 
Minnesota fish spawned after warm long winters (160 days at 10⁰ C) compared to 100% 
spawning of those held at a colder temperature for a shorter time (123 days at 4⁰ C) 
(Hokanson, 1977). These lab results are supported by field studies with patterns of failed 
recruitment events following short, warm winters (Farmer et al. 2015) suggesting that 
thermal effects on reproduction may have population-level impacts in north temperate 
systems. While these northern populations showed negative effects of warmer winter 
temperatures on spawning, we had 100% of our mature females that survived to 
spawning successfully spawn with warmer winter temperatures and dramatically shorter 
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winter durations. True common garden experiments could expand upon or research by 
exposing fish from across the latitudinal gradient to the same conditions and seeing how 
each population responds to the conditions.  
Timing of spawning is associated with gonad maturation with variance due to 
winter temperatures (Hokanson, 1977; Farmer et al., 2015; Starzynski & Lauer, 2015; 
Feiner et al., 2016). As with Farmer et al. 2015, Yellow Perch in our short and long 
durations spawned at the same time, but with fish exposed to shorter winters spawning at 
a slightly higher temperature than those exposed to longer winters.  While the winter 
duration did not affect timing of spawning, minimum winter temperature had a 
significant affect. Fish exposed to warmer minimum winter temperatures spawned 
approximately 10 days earlier than fish exposed to colder minimum temperatures. Similar 
to Starzynski & Lauer, 2015, when our Yellow Perch experienced a warmer winter the 
spawning period was moved forward. This could be due to physiological requirements 
that fish may require both a certain threshold temperature and duration of rising water 
temperature before they are cued to spawn (Dabrowski et al., 1994).  
While all surviving female Yellow Perch spawned in out temperature treatments, 
we also documented winter duration and temperature effects on fecundity, egg quality, 
and larval quality, although the direction of these effects did not consistently follow our 
expectations. Egg skein mass was positively affected by both colder winter temperature 
and longer winter durations, while fecundity was positively affected by longer winter 
duration. Larger larvae were also produced following colder winters. Together these 
results suggest positive effects on of cold, long winters on egg production and larval 
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quality, similar to what other studies with Yellow Perch (Farmer et al. 2015) and other 
cool- and coldwater fishes (Burt et al. 2011). However, we also found that egg quality, 
measured by energetic density was higher following warm winters than short winters. 
Phenotypes of offspring may be altered based on the winter thermal experience of their 
parents. Colder winter temperature produced larger larvae, but there was weak evidence 
that these larger larvae had smaller oil globule diameters, again suggesting thermally 
based differences in female energy allocation per offspring. We also found that larval 
standard length and to a lesser extent, larval body depth were greater following short 
winter. We believe this may be due faster larval growth in the first 24 hours post-hatching 
as short winter treatments were slightly warmer, on average, during spawning and 
incubation compared to long winter treatments. Taken together our results suggest some 
positive effects of long winters (Burt et al. 2011; Farmer et al. 2015) but also that females 
may be modifying the trade-off between offspring size and quality to maximize fitness 
under differing environmental conditions. Such trade-offs in offspring size and condition 
have been documented in other fishes (Fisher, Sogard, & Berkeley, 2007).  
Differences in egg and larval traits across thermal ranges can lead to 
transgenerational acclimation, a potential mechanism by which fish may rapidly adjust to 
changing environmental conditions (Munday, 2014; Xue & Leibler, 2016), we did not 
find any evidence of transgenerational acclimate in offspring produced following short, 
warm winters. The temperatures our juvenile fish were acclimated to (28⁰ C) was only a 
few degrees below what has been established as thermal limits for northern juvenile 
Yellow Perch (29 – 33⁰ C) (Hokanson, 1977). While both the temperatures at which loss 
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of equilibrium and death were similar between cold, long and warm, short offspring were 
similar, they were also slightly higher than previously published values for Yellow Perch 
juveniles from more northern populations (Hokanson, 1977). This may suggest that 
Yellow Perch from this sub-tropical climate may not only have locally-adapted 
temperatures at which spawning and reproduction can occur but also may have elevated 
thermal tolerance in juveniles as well.  
Our study represents the first study to quantify spawning, fecundity, and egg and 
larval quality of Yellow Perch residing in sub-tropical climates. Our findings reveal that 
local adaptations appear to allow this coolwater species to successfully reproduce at 
warm winter temperatures than previously documented, although trade-offs in fecundity 
and egg and larval quality were documented in response to differing winter thermal 
regimes. Yellow Perch are native to the Atlantic Coast, although the population in the 
Savannah River is thought to be introduced from stocking (Marcy et al., 2005). Our 
results suggest that given enough time, adaption or acclimation to warmer winter may be 
possible for more northern populations as the climate warms. Future studies should aim 
to understand the genetic basis of such adaptations to determine if northern populations 
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Table 1.1. Date of Spawning (day of the year) and temperature ranges by winter 
treatment for South Carolina Yellow Perch exposed to four unique winter treatments 
(Cold Long: 21 days at 8°C; Cold Short: 42 days at 8°C; Warm Long: 21 days at 12°C; 
Warm Short: 42 days at 12°C). 
  Date of Spawning Temperature (°C) at Spawning 
Winter Treatment Minimum Maximum Mean Minimum Maximum Mean 
Cold Long 60 102 81 10.7 15.6 11.7 
Cold Short 61 97 79 11.1 18.1 13.8 
Warm Long  54 93 73.5 11.2 16.7 14.3 













Table 1.2. Results from Type III two-way ANOVA for egg and spawning metrics from 
female Yellow Perch held at four winter treatments (Cold Long: 21 days at 8°C; Cold 
Short: 42 days at 8°C; Warm Long: 21 days at 12°C; Warm Short: 42 days at 12°C). 
Bolded values indicate significant relationships (α = 0.05). 
 
Variable F d.f. p 
Egg Skein Mass Residuals    
 Temperature 13.95 1,22 0.001 
 Duration 7.52 1,22 0.012 
 Temperature X Duration 2.82 1,22 0.107 
     
Fecundity Residuals    
 Temperature 1.97 1, 22 0.817 
 Duration 4.07 1, 22 0.050 
 Temperature X Duration 0.56 1, 22 0.486 
     
Oil Globule Diameter    
 Temperature 0.95 1, 20 0.342 
 Duration 0.36 1, 20 0.554 
 Temperature X Duration 2.78 1, 20 0.111 
     
Egg Diameter    
 Temperature 0.17 1, 21 0.686 
 Duration 0.61 1, 21 0.444 
 Temperature X Duration 0.68 1, 21 0.418 
     
Caloric Density    
 Temperature 14.99 1, 22 0.011 
 Duration 0.41 1, 22 0.436 




Table 1.3. Results from Type III two-way ANOVA for larval fish metrics of size (oil 
volume, yolk-sac volume, post-anal depth, and standard length) from larval Yellow Perch 
from adults held at four winter treatments (Cold Long: 21 days at 8°C; Cold Short: 42 
days at 8°C; Warm Long: 21 days at 12°C; Warm Short: 42 days at 12°C). Bolded values 
indicate significant relationships (α = 0.05). 
 
Variable   F d.f. p 
Oil Volume     
 Temperature 3.43 1, 30 0.074 
 Duration 2.31 1, 30 0.139 
 Temperature X Duration 1.43 1, 30 0.241 
     
Yolk Volume     
 Temperature 1.19 1, 30 0.283 
 Duration 0.56 1, 30 0.459 
 Temperature X Duration 0.60 1, 30 0.446 
     
Post-anal Depth    
 Temperature 5.35 1, 30 0.083 
 Duration 4.53 1, 30 0.079 
 Temperature X Duration 0.62 1, 30 0.437 
     
Standard Length     
 Temperature 12.57 1, 30 0.005 
 Duration 6.49 1, 30 0.033 





Figure 1.1. Thermal winter regimes for the four temperature treatments that adult Yellow 
Perch were held at prior to spawning during the winter of 2018 – 2019. Bold lines 
indicate the timing of spawning in each treatment. Cold winter treatments had a minimum 
temperature of 8⁰ C, while warm winter treatments had a minimum temperature of 12⁰ C. 
Short winter durations were 21 days while long winter durations were 42 days. Savannah 
River temperatures indicates the mean daily water temperature from December 2018 – 
April 2019, at the broodstock collection site.  
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Figure 1.2. Relationship bewteen  day of year and the cumulative proportion of Yellow 
Perch females that spawned in each of the four Temperature X Duration treatments. 
Individual points indicate the observed proportion of females spawned up to that point for 
each treatment ( ⯀Cold Long, ● Cold Short, ▲Warm Long, ◆Warm Short). Solid lines 
indicate the logistic regression fit with  with categorical predictor variables for winter and 
duration. Dotted lines indicate the end of each winter duration treatment and the 
beginning of spring warming. Winter temperature had a significant effect on timing of 




Figure 1.3. Treatment means ± standard deviation of egg skein mass residuals across 
four Temperature X Duration treatments for female Yellow Perch that were manually 
spawned. Significant differences among treatments are indicated by difffering letters in 
the plot (Bonferroni adjusted P values ≤ 0.05). Overall, colder winter temperature (p = 





Figure 1.4. Treatment means ± standard deviation of fecundity for Yellow Perch eggs 
collected from adults exposed to four Temperature X Duration treatments. No significant 
differences were found among treatments (Bonferroni adjusted P values > 0.05), but there 
was a positive effect of longer winter duration (p = 0.05) on fecundity, after accounting 
for female size. Overall, there was not a significant difference in winter temperature, but 





Figure 1.5. Treatment means ± standard deviation of caloric density (kcal/g dry wt) of 
Yellow Perch eggs collected from adults exposed to four Temperature X Duration 
treatments. There were no significant differences between winter temperature treatments 
(Bonferroni adjusted P values > 0.05), although warmer winter temperature (p = 0.01) 





Figure 1.6. Treatment means ± standard deviation of standard length of larval Yellow 
Perch collected from adults held at one of four Temperature X Duration treatments. 
Significant differences among treatments are indicated by difffering letters in the plot 
(Bonferroni adjusted P ≤ 0.05). Overall, colder winters (p = 0.005) and shorter winter 













Across the geographical range of a species, populations have adaptations in life 
history traits such as growth, maximum body size, age and size at maturation, and 
maximum lifespan   that allow them to survive and maximize fitness under local 
environmental conditions (Heibo, Magnhagen, & Vøllestad, 2005; Munch & Salinas, 
2009; Valladares et al., 2014). These local adaptations across the geographic range of 
species result from a combination of intraspecific variation in life history traits and 
selection by local environmental conditions, which allows for subtle changes in life 
history syndromes (Valladares et al. 2014).  As climate is strongly correlated with 
latitude, latitude-specific thermal regimes likely set the stage for different growth 
trajectories (Heibo, Magnhagen, & Vøllestad, 2005; McDermid, Shuter, & Lester, 2010; 
Massie et al., 2018). Specifically, the increase of growing degree days (GDD) during 
spring – fall combined with warmer winters may allow for longer growing seasons and 
greater growth at southern latitudes compared to northern latitudes. However, we also 
know that populations at northern latitudes may compensate for shorter growing seasons 
by growing rapidly during growing seasons (i.e., countergradient growth; Conover & 
Present, 1990; Jensen, Forseth, & Johnsen, 2000; Yamahira & Conover, 2002; David et 
al., 2015).   As growth rate is typically correlated with rates of natural mortality, 
longevity, and age and size at maturation (Then et al., 2015), differences in growth may 
result in differences in other key life history traits (Roff, Heibo, & Vøllestad, 2006). 
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Increased maximum size is correlated with an increase in reproductive success, with 
larger females producing more eggs (Hixon, Johnson, & Sogard, 2014).  By exploring 
and understanding population-specific variability in growth and related life history traits 
across latitudes, we may gain insight into expected changes in these vital rates in 
response to climate change.  
Maximum lifespan can also be linked to latitude for many species (Heibo, 
Magnhagen, & Vøllestad, 2005; Munch & Salinas, 2009; Weber et al., 2015). Heibo et al 
(2005) found that increases in latitude result in an increase in Eurasian Perch (Perca 
fluviatilis) maximum lifespans across 27⁰ latitude and Munch and Salinas (2009) showed 
an increase in Eurasian Perch maximum lifespan with a decrease in temperature across 
17.4⁰ C and 27.1⁰ latitude. Interestingly, the effects of latitude on maximum age were 
greater in the closely related Yellow Perch, Perca flavescens when looked at over a 
portion of their range (13.3⁰ C and 14.5⁰ latitude) (Munch and Salinas 2009). As 
maximum age (an index of maximum lifespan) is strongly correlated with natural 
mortality rate (one of the most important vital rates in the management of fish 
populations), understanding how this metric changes across latitudes can help set 
expectations for changes in longevity and natural mortality in response to climate change. 
 Local adaptations in growth, maximum body size, and longevity to a species 
environment result from system-specific abiotic (i.e., temperature, habitat) and biotic 
(i.e., productivity, density-dependence) drivers and not all of these are strongly correlated 
with latitude (Massie et al., 2018). However, many factors that may affect growth and 
body size, such as temperature and the length of the growing season, are correlated with 
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latitude.  When temperature data is unavailable for a location, latitude may serve as a 
suitable proxy (Massie et al., 2018). 
Yellow Perch are native across much of the north eastern United States and 
Canada (Hart, Garling, & Malison, 2006). With their wide range and generalist habitat 
preferences, the Yellow Perch has been introduced, through sanctioned and unapproved 
stocking efforts, across the rest of the United States and parts of Canada (Krieger, Terrell, 
& Nelson, 1983; Hart, Garling, & Malison, 2006; Hinshaw, 2006). Yellow Perch are 
targeted by both commercial and recreational fisheries across their range. Understanding 
growth and life history variation across latitude would allow fisheries managers to make 
informed management decisions without using limited time and resources to collect data 
on each specific population. Yellow Perch are sexual dimorphic with females growing 
larger faster than males (Purchase et al., 2005; Hart, Garling, & Malison, 2006; Hinshaw, 
2006; Shewmon et al., 2007; Uphoff & Schoenebeck, 2012). Sex-specific differences in 
growth can lead to higher harvest of females than males by anglers (Purchase et al., 2005; 
Isermann et al., 2007). In northern populations, smaller males tend to mature at age 2– 3, 
while larger females do not mature until age 3 – 4 (Krieger, Terrell, & Nelson, 1983).   
Herein, we evaluated the extent to which Yellow Perch growth rates, theoretical 
maximum body size, and maximum observed age (serving as an index of lifespan) were 
correlated with latitude across much of the native and introduced range of this species in 
North America. We expected that populations at southern latitudes will have higher 
Brody growth coefficients (K), and lower theoretical maximum total length (L∞) both 
from the von Bertalanffy growth model.  
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Methods 
Data Collection  
Length-at-age data (TL [mm] and age [years]) were collected from state agency 
and university research surveys for 32 populations. Fish were collected using a variety of 
sampling methods with gill nets being the most used method (Table 2.1). Ages for fish 
were obtained by aging otoliths, spines, and scales dependent upon the agency sampling 
protocols. Data spanned 10 states, representing 18.5⁰ degrees latitude and 47.2⁰ longitude 
(Figure 2.1). Initial selection of waterbodies was based upon having a sample size of 
greater than 100 individual Yellow Perch sampled. Waterbodies were further filtered to 
ensure 1⁰ of latitude and/or longitude between sample sites to prevent oversaturation of 
highly sampled areas. Only data collected since 2000 were included in any analysis and 
waterbodies with many years of data only had the most recent 5 years of data included. 
Sex specific data sets were created by further filtering data to sex. Latitude and longitude 
data were either obtained from collaborators or from the lake’s midpoint on Google Earth 
Pro (“Google Earth Pro,” 2020). All field collections for Savannah River fish were 
conducted according to animal use guidelines outlined in IACUC AUP #2018-054 at 
Clemson University. 
Models: In quantifying spatial variation in Yellow Perch growth, we utilized 
similar Bayesian hierarchical models as those used by Midway et al. (2015) and Massie 
et al. (2018). We modeled growth using the von Bertanaffy growth equation, the most 
commonly used approach, as other methods (logistic, Gompertz, biphasic) may not be 
suitable for fast growing southern populations (Von Bertalanffy, 1938, Midway et al., 
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2015; Wilson et al., 2018). The von Bertalanffy growth equation was incorporated into a 






where yij is the total length for fish i from population j; tij is the observed age at collection 
for fish i from population j; and L∞j, Kj, and t0j are population-specific von Bertalanffy 
parameters(Brody growth coefficient (K), the theoretical maximum average length (L∞), 
and the hypothetical age (years)at which length is zero (t0)). Additionally, we allowed for 
population-specific values for Kj and L∞j to vary spatially by including a second-level 
regression using scaled and centered latitude as a covariate as follows: 
 
where  is the slope and  is the intercept of the growth parameter covariate 
relationship.  
Additionally, as there were numerous regions (Midwestern and Pacific Northwest 
U.S.), and habitat types (inland lakes and reservoirs versus Laurentian Great Lakes) 
across a similar range of latitudes, we also used a Bayesian hierarchical model with 
hyperpriors for K, L∞, and t0 to for four regional groupings (Southeastern, Midwestern 
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inland lakes and reservoirs, Laurentian Great Lakes, and Pacific Northwest lakes and 
reservoirs). All models were run with 3 MCMC chains for 200,000 iterations with a burn 
in of 50,000 and thinning rate of 3 for a final of 50,000 observations. Bayesian modeling 
and statistical analyses were completed in R statistical software using package R2jags (Su 
& Yajima, 2012; R Core Team, 2020). Populations that failed to converge or that resulted 
in unrealistic growth parameters were dropped from analysis.  
Size at Age: We used the growth parameters from the fitted Von Bertalanffy 
growth model with latitudinal covariates to predict total length at age-3 as a derived 
quantity for all populations. Age-3 was chosen as most individuals across all populations 
would be sexually mature by this age. Predicted total length at age-3 served as a single 
measure of size that integrates the effects of both growth rate and theoretical maximum 
body size into a single measure. Outside of our Bayesian framework, we used a weighted 
linear regression (weighted by the inversive variance [i.e., precision] of each age-3 
estimate to assess if predicted total length at age-3 was related to scaled and centered 
latitude.  
Maximum Age: We ran a linear model comparing the maximum age found in a 
population to the growth coefficients (K and L∞) for that population based upon the 
results from the Bayesian framework and to the scaled latitude. Only populations with 
over 100 individuals were used in this analysis to prevent bias from small sample sizes. 
We used a one-way Analysis of Variance (ANOVA) to compare changes in growth 




Two populations, one from both Michigan and Washington, were removed from 
analyses due to unrealistic growth parameter estimates, specifically L∞ of 680 and 1947 
mm. Growth parameters for Yellow Perch were estimated for the remaining 30 
populations covering 18.5⁰ latitude and encompassing 38,362 individual observations 
were included in the model (Table 2.1). Total lengths of fish in the model ranged from 30 
– 392 mm with a mean of 185 ± 54 mm. Ages across all populations ranged from 0 – 16 
years with a mean of 3 years old.  
Latitude Model  
Posterior population-specific Brody growth coefficient (K) ranged from 0.12 at 
Little Rock Lake, WI to 0.70 in Findlay Reservoir #2, OH (Table 2.2). Posterior 
population-specific mean L∞ ranged from 209 at Powers Reservoir, OH to 393 mm with 
the Charlevoix, MI population having the highest L∞ at 393mm (Figure 2.2). There was 
no overall relationship between the Brody growth coefficient (K) and latitude as 90% 
credible intervals for the effect of latitude on K overlapped zero (K = -0.092 [-0.31 – 
0.12]) (Figure 2.3).  There was no overall relationship between the theoretical total length 
(L∞) and latitude as 90% credible intervals for the effect of latitude on L∞ overlapped zero 
(L∞ = -0.001 [-0.08 – 0.06]). Predict total length at age-3 for all populations ranged from 
134 mm in Little Rock Lake, WI to 291mm in the Savannah River, SC. Our inverse-
variance weighted linear regression showed that there was a negative relationship 
between predicted total length at age-3 and latitude (slope = -13.15; 90% confidence 
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interval = (-25.84, -0.51)) with the largest age-3 fish being predicted for southern 
populations (N = 30; adjusted r 2= 0.06, p = 0.09) (Figure 2.4).  
Regional Growth Model 
Mean posterior population-specific Brody growth coefficient (K) ranged from 
0.18 in the Midwestern Inland Lakes to 0.37 in the Pacific Northwest (Table 2.3, Figure 
2.3). Posterior region-specific mean L∞ ranged from 302 mm in the Pacific Northwest to 
327 mm in the Southeast. Predict mean total length at age-3 for regional populations 
ranged from 187 mm in the Midwestern Inland Lakes to 232mm in the Southeast (Table 
2.3, Figure 2.3). There was not a significant regional difference between mean K, L∞ or 
predicted mean total length at age-3 as the 90% credible intervals overlapped zero for all 
regions (Table 2.3).   
Maximum Age 
 Across populations, maximum ages ranged from 4 – 16 with an average age of 3, 
with the lowest maximum age coming from the Savannah River and the oldest from the 
South Haven population. There was a positive relationship between maximum age and L∞ 
(N = 30; r = 0.06, p = 0.11) (Figure 2.5). There was a significant negative relationship 
between maximum age and the Brody growth coefficient (K) across populations (N = 30; 
adjusted r2 = 0.15, p = 0.019). Maximum age was not related to latitude (N = 30; adjusted 






Our latitude model results suggest that latitude alone is not a significant predictor in 
estimating growth parameters in Yellow Perch. While the mean effect of latitude on 
growth coefficients (K) was negative, the overall effect was ambiguous as credible 
intervals of this effect overlapped zero. These results confirm the findings of Munch and 
Salinas (2005) who looked at 29 populations of Yellow Perch across a 14.5⁰ latitudinal 
range in North America.  Counter to the trend that others found for Eurasian Perch 
(Heibo, Magnhagen, & Vøllestad, 2005), a significant negative relationship between 
latitude and growth rate was not found for Yellow Perch. The lack of relationship 
between L∞ and latitude is counter to Bergman’s rule that associates larger body size with 
increased latitude (Estlander et al., 2017). The wide variation present indicates that 
latitude is not the driving factor for L∞ across populations, but that local factors (i.e., 
temperature, productivity, genetic variation between population) are likely more 
important (Zhao, Shuter, & Jackson, 2008; Massie et al., 2018).  
 There was a significant negative trend between size at age-3 and latitude in the 
populations of Yellow Perch included in our analyses. This trend is similar to the live 
fast, die young strategy that the southern populations of Eurasian Perch employ (Heibo, 
Magnhagen, & Vøllestad, 2005). Size at age-3 is a valuable metric for Yellow Perch 
growth as it is the age at which many fish reach maturity across the species range. 
Preferred stock density preferred (PSD-P) for Yellow Perch is 238 mm and a handful of 
populations are meeting or exceeding this metric by age-3 while some populations are 
unlikely to have many fish obtain this size by age-3 (Gabelhouse, 1984).  
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 Maximum age was not influenced by latitude in Yellow Perch, unlike their 
European cousins (Heibo, Magnhagen, & Vøllestad, 2005). This could be due to non-
standardized sampling gears used for these analyses, but similar sampling methods 
resulted in wide ranges of sizes and ages of fish caught from the same waterbody. We did 
find that L∞ and maximum age were positively related which makes sense as fish need to 
live longer to achieve greater maximum lengths. Maximum age was negatively associated 
with K, showing that these older fish typically grew significantly slower than populations 
made up of young fish. Yellow Perch seem to be bucking the trend of needing to be big 
old fat fecund female fish (BOFFFFs) to maintain healthy populations by growing 
quickly and reproducing early (Hixon, Johnson, & Sogard, 2014). There is high 
variability associated with these parameters that are likely driven by local factors.   
While we did not find statistical differences between growth parameters across 
latitudes other studies have shown that populations at higher latitudes may be more 
sensitive to changes in survival rates than those at southern latitudes (Hanson, 2011).  
However, we did find that latitude was negatively related to size at age-3 but life history 
syndromes are more important for lifelong growth. When looking at changes in growth 
parameters across a large spatial scale it is possible that micro-scale drivers such as lake 
size, mean temperature, productivity, and genetically variations in populations have a 
more significant effect on lifelong growth parameters than latitude (Zhao, Shuter, & 
Jackson, 2008; McDermid, Shuter, & Lester, 2010; Massie et al., 2018). Climate change 
could lead to northern waterbodies experiencing similar temperature patterns to what 
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waterbodies in the south currently experience and with an increase in growing degree 
days productivity will likely increase (Rypel & David, 2017).   
Future studies should aim to standardize sample collection across populations. 
Our study utilized many sampling gear types that have been shown to have a capture bias 
whether it be for larger or smaller individuals (Mangan, Brown, & St. Sauver, 2005). 
Sampling during a set collection period would allow for a direct size-at-age comparison 
or by using of fractional ages to overcome the differences in sampling times. As this data 
was obtained from multiple agencies there were four different aging methods used which 
can lead to bias in aging (Robillard & Marsden, 1996). 
Conclusions  
Knowing population-specific growth rates could allow for adaptive harvest 
management to provide optimal angler satisfaction but that is not feasible to do for all 
waterbodies (Isermann et al., 2007). Yellow Perch appear to be highly adapted to the 
waterbodies that they inhabit and determining a predictive growth model will be highly 
complex. Future studies looking at combinations of abiotic factors that ultimately 
influence Yellow Perch growth metrics might be better served using site-specific metrics 
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Table 2.1. Descriptions of Yellow Perch populations used in growth meta-analysis (ID = 
index number for population [corresponds to ID in Figure 2.1 and all analysis 
throughout]); State/Region = State and  Region used for spatial grouping [1 = 
Southeastern, 2 = Pacific Northwest lakes and reservoirs, 3 = Midwestern lakes and 
reservoirs, and 4 = Midwestern Laurentian Great Lakes];  n = number of fish sampled; 
Sample year = time period in which samples were collected; Gear = gear type used for 
collection [HL = hook-and-line, GN = gill net, FN = fyke net, TR = trawl, PT = perch 
trap (Fitzpatrick & Overton, 2007), MT = minnow trap, BS = beach seine, TN = trammel 
net, BGN = bottom gill net, BTL = bottom trawl]; Aging Method = method used for 




Region Latitude n 
Sample 




1 Savannah River SC, 1 33.70 410 2016 - 2019 HL Ot 93 - 372 0 - 4 
2 Lake Washington  WA, 2 47.60 135 2005 GN, FN Ot, Sc 72 - 353 1 -6 
3 Samish Lake  WA, 2 48.60 134 2001 - 2012 GN, FN Ot, Sc 71 - 260 0 - 6 
4 Long Lake  WA, 2 47.80 167 2001 - 2015 GN, FN Ot, Sc 57 - 278 1 - 5 
5 Pend Oreille 
South (Box 
Canyon Res) 
WA, 2 48.78 362 2004 - 2014 GN, FN Ot, Sc 58 - 292 1 - 9 
6 Fish Lake  WA, 2 47.80 145 2002 - 2005 GN, FN Ot, Sc 105 - 281 1 - 8 
7 Lake Cascade ID, 2 44.59 160 2019 GN Op 32 - 392 0 - 15 
8 Lake Martin AL, 1 32.73 298 2010 - 2011 EF Ot 37 - 270 0 - 6 
9 Yates Lake AL, 1 32.44 1341 2015 - 2016 EF, HL Ot 30 - 354 0 - 10 
10 Dead Lakes FL, 1 30.21 447 2007 - 2011 EF Ot 72 - 347 0 - 6 
11 Western Erie OH, 4 41.75 2262 2005 - 2009 TR Ot, Sc 110 - 313 1 - 11 
12 Central Erie OH, 4 42.05 18724 2005 - 2009 TR Ot, Sc 61 - 353 0 - 12 
13 Lake Michigan MI, 4 41.66 3493 2003 - 2007 TR Ot, Sc 46 - 385 1 - 14 
14 Saginaw Bay MI, 4 43.84 919 2001 - 2005 TR Ot, Sc 102 - 270 0 - 6 
15 Powers Reservoir OH, 3 40.70 700 2007 - 2016 GN, TN Ot 127 - 269 2 - 10 
16 Findlay Reservoir 
#2 
OH, 3 41.00 592 2015 - 2019 GN, TN Ot 117 - 342 1 - 10 
17 Van Wert 
Reservoir #2 
OH, 3 40.80 321 2009 - 2017 GN, TN Ot 120 - 248 1 - 7 
18 South Haven MI, 4 42.40 505 2012 - 2016 BGN, BTL Sp 51 - 342 0 - 16 
19 Charlevoix MI, 4 45.32 155 2012 - 2016 BGN, BTL Sp 141 - 391 1 - 13 
20 Pentwater MI, 4 43.78 168 2012 - 2015 BGN, BTL Sp 52 - 321 0 - 10 
21 Big Stone MN, 3 45.43 1177 2006 - 2015 GN, TN Sc 128 - 322 1 - 7 
22 Namakan MN, 3 48.46 566 2006 - 2015 GN, TN Sc 125 - 301 1 - 10 
23 Birch MN, 3 47.76 101 2006 - 2009 GN, TN Sc 136 - 304 2 - 7 
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24 Island Lake 
Reservoir 
MN, 3 47.01 154 2006 - 2012 GN, TN Sc 134 - 305 2 - 8 
25 Bemidji (Main 
Lake) 
MN, 3 47.50 117 2012 GN, TN Sc 139 - 291 2 - 7 
26 Pelican MN, 3 48.06 272 2006 - 2014 GN, TN Sc 86 - 300 1 - 11 
27 Gull MN, 3 46.45 103 2010 - 2015 GN, TN Sc 131 - 257 2 - 7 
28 Minnetonka MN, 3 44.93 625 2007 - 2014 GN, TN Sc 130 - 250 2 - 8 
29 Albemarle Sound NC, 1 36.08 3620 2005 - 2011 FN, PT Ot 60 - 366 0 - 11 
30 Little Rock Lake WI, 3 45.99 189 2001 - 2003 HL, MT, 
BS 












TABLE 2.2. Posterior means for population specific growth parameters from the Latitude Model for Yellow Perch (ID = index 
number for population); L∞ = asymptotic average maximum lengths [mm]; K = Brody growth coefficient; t0 = hypothetical age at 








1 Savannah River SC, 1 33.70 321 (305, 341) 0.66 (0.51, 0.82) -0.67 (-0.95, -0.43) 291 (287, 295) 
2 Lake Washington WA, 4 47.6 311 (286, 341) 0.43 (0.33, 0.54) -0.02 (-0.24, 0.17) 223 (219, 228) 
3 Samish Lake  WA, 4 48.6 289 (256, 336) 0.32 (0.21, 0.44) -0.86 (-1.29, -0.50) 201 (197, 205) 
4 Long Lake  WA, 4 47.8 290 (263, 325) 0.51 (0.38, 0.66) 0.206 (0.00, 0.28) 218 (214, 223) 
5 Pend Oreille 
South (Box 
Canyon Res) 
WA, 4 48.78 281 (259, 307) 0.28 (0.22, 0.33) -0.09 (-0.34, 0.12) 160 (157, 162) 
6 Fish Lake  WA, 4 47.8 290 (268, 319) 0.43 (0.31, 0.56) -0.54 (-0.90, -0.23) 223 (219, 228) 
7 Lake Cascade ID, 4 44.59 391 (380, 403) 0.24 (0.21, 0.26) -0.21 (-0.43, 0.01) 207 (202, 212) 
8 Lake Martin AL, 1 32.73 279 (241, 329) 0.26 (0.19, 0.34) -1.00 (-1.21, -0.81) 177 (174, 181) 
9 Yates Lake AL, 1 32.44 381 (351, 415) 0.13 (0.11, 0.15) -1.30 (-1.40, -1.21) 165 (163, 166) 
10 Dead Lakes FL, 1 30.21 363 (345, 383) 0.41 (0.36, 0.46) -0.72 (-0.79, -0.65) 283 (280, 287) 
11 Western Erie OH, 3 41.75 253 (239, 270) 0.29 (0.23, 0.35) -2.00 (-2.41, -1.65) 192 (191, 194) 
12 Central Erie OH, 3 42.05 300 (293, 306) 0.20 (0.19, 0.21) -2.08 (-2.18, -1.99) 190 (189, 190) 
13 Lake Michigan MI, 3 41.66 340 (333, 347) 0.18 (0.17, 0.19) -0.45 (-0.52, -0.38) 158 (157, 159) 
14 Saginaw Bay MI, 3 43.84 284 (251, 328) 0.26 (0.18, 0.36) -1.48 (-1.92, -1.07) 193 (190, 195) 
15 Powers Reservoir OH, 2 40.7 209 (192, 232) 0.19 (0.12, 0.22) -4.72 (-6.54, -3.15) 155 (154, 157) 
16 Findlay 
Reservoir #2 
OH, 2 41 284 (280, 288) 0.70 (0.64, 0.77) 0.00 (-0.11, 0.10) 249 (246, 251) 
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17 Van Wert 
Reservoir #2 
OH, 2 40.8 248 (216, 295) 0.20 (0.11, 0.32) -3.87 (-5.46, -2.50) 178 (176, 181) 
18 South Haven MI, 3 42.4 346 (324, 373) 0.16 (0.13, 0.18) -1.41 (-1.66, -1.19) 173 (171, 175) 
19 Charlevoix MI, 3 45.32 393 (374, 416) 0.20 (0.16, 0.25) -2.53 (-3.35, -1.82) 264 (259, 268) 
20 Pentwater MI, 3 43.78 282 (263, 304) 0.35 (0.29, 0.42) -0.78 (-0.97, -0.61) 207 (203, 211) 
21 Big Stone MN, 2 45.43 310 (299, 323) 0.47 (0.40, 0.55) -0.87 (-1.08, -0.67) 260 (258, 261) 
22 Namakan MN, 2 48.46 332 (299, 374) 0.18 (0.13, 0.23) -1.51 (-2.06, -1.02) 179 (177, 181) 
23 Birch MN, 2 47.76 326 (271, 402) 0.19 (0.11, 0.29) -0.97 (-2.11, 0.01) 162 (155, 169) 
24 Island Lake 
Reservoir 
MN, 2 47.01 386 (333, 457) 0.18 (0.12, 0.24) -0.68 (-1.30, -0.13) 180 (175, 184) 
25 Bemidji (Main 
Lake) 
MN, 2 47.50 328 (281, 392) 0.22 (0.13, 0.32) -1.12 (-1.92, -0.38) 187 (183, 192) 
26 Pelican MN, 2 48.06 319 (281, 370) 0.13 (0.09, 0.18) -2.03 (-2.98, -1.18) 152 (148, 155) 
27 Gull MN, 2 46.45 277 (223, 350) 0.18 (0.10, 0.30) -2.55 (-3.99, -1.29) 166 (161, 170) 
28 Minnetonka MN, 2 44.93 279 (241, 335) 0.16 (0.10, 0.23) -2.59 (-3.77, -1.59) 157 (155, 159) 
29 Albemarle Sound NC, 1 36.08 306 (302, 310) 0.39 (0.37, 0.41) -0.69 (-0.80, -0.58) 234 (233, 234) 





Table 2.3. Posterior means for region-specific growth parameters from the Regional Model for Yellow Perch (ID = index  
number for region); L∞ = asymptotic average maximum lengths [mm]; K = Brody growth coefficient; t0 = hypothetical age  
at which length is zero. Values in parenthesis are 90% credible intervals. 
ID Region L∞ K t0 
Predicted length 
(mm) at Age-3 
1 Southeast  330 (285, 378) 0.33 (0.21, 0.49) -0.87 (-1.72, -0.01) 232 (179, 284) 
2 Midwestern Inland 
Lakes 
301 (270, 338) 0.19 (0.14, 0.26) -2.13 (-2.88, -1.47) 187 (157, 217) 
3 Laurentian Great Lakes 312 (277, 350) 0.23 (0.16, 0.32) -1.55 (-2.29, -0.82) 198 (158, 239) 
4 Pacific Northwest Lakes 302 (265, 342) 0.38 (0.25, 0.54) -0.2 (-0.99, 0.58) 206 (159, 252) 
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Figure 2.1. Map of Yellow Perch populations used in analysis. Each dot represents a population used in analysis with 




Figure 2.2. Fitted von Bertalanffy growth curves from the Latitude Model for 30 Yellow Perch populations. Plots are labeled 
with their population ID set in Table 2.1. Black circles represent observed length (mm) at age (years) of Yellow Perch. Solid 
black line represents posterior mean and 90% credible intervals are represented by dotted lines for population specific growth 







 Figure 2.3. Relationship between von Bertalanffy parameters and latitude for 30 Yellow 
Perch populations: (A) population-specific Brody growth coefficients (K) from the 
Latitude Model; (B) population-specific theoretical maximum average lengths (L∞) from 
the Latitude Model, (C) regional-specific Brody growth coefficients (K) from the 
Regional Model; (D) regional-specific theoretical maximum average lengths (L∞) from 
the Regional Model. Black dots represent posterior mean population-specific parameters 
(± 90% credible interval). The thick black line represents the hierarchical regression and 
the shaded region represents the 90% credible interval.  Region ID’s: 1 = Southeast; 2 = 








Figure 2.4. Relationship between predicted size at age-3 and latitude for 30 Yellow 
Perch populations. Black dots represent posterior mean population-specific size at age-3 
(± 90% confidence interval). The thick black line represents the hierarchal regression and 




Figure 2.5. Relationship between maximum age found in a population and von 
Bertalanffy parameters from the Latitude Model and latitude for 30 Yellow Perch 
populations: (A) theoretical maximum average lengths (L∞); (B) Brody growth 
coefficients (K); (C) scaled latitude. Black dots represent posterior mean population-
specific paramters while the thick black line represents the hierarchical regression and the 
shaded region represents the 90% credible interval.   
 
 
 
